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Ulth the recent increase
the power conditioning arena,
field is the lack of texts or

PREFACE

in technologicalneeds”and the interest in
one of the problems facing workers In the
notes describingrecent progress, particu-

larly in the area of reoetitlve Dower condltionina. For this reason and
becafiseof expanding internalrequirements,the University of Newtiexico
(UNM) and the Los Alamos ScientificLaboratory (LASL) h&ve created a set
of lecture notes based upon the graduate course taught recent:y at UNM.
The abjective of these notes is to create a record of many of the ad-
vances in the field since the last text in the field was publlshed just
after Wcrld War II. In this context, the lectures presented are ori-
ented toward an introduction of the reader to each of the areas de-
scribed and present sufficientbackground informationto explain many of
these acivances. They are not intended to serve as design engineering
notes, and thus the reader is referred to the references at the end of
each lecture for detailed technical ~nformationin specific areas.

The preparation of these writings is a result of a considerable
teamwork effort cm the part of LASL and Sandia staff. In particular,
Cathy Correll, in conjunction witl,Jo Ann Barnes and the rest of her
eff!cient word processing staff, carried the major responsibilityfor
preparationof the lectureswhile the lecturers did the proofreadingand
revisions. As course coordinator, It is a pleasure to acknowledge the
strong support of Ray Gore, our E-Division Leader, and.Shyam Gurbaxani
who is the UNM Graduate Center Director, Los Alamos Cainpus.

M. J. Sarjeant
Los Alamos ScientificLaboratory
Los Ala~os, New Mexico
October 3, 1980
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TRANSIfIS3ZGNL2XS AND PU2SE FORPIINGNETWORKS

BobButcher

Thetopicof thislectureis*88

itemof discussimwillbe tramdssim

formingnehmx-ks.Thefirst

lines-use theyaresopreva-

lent, twen M only in the fom of ~al -e. Franthere the subject

WW proceed to *se-forming nebmrks: the prati- problems encoun-

tered with than, their advantages,and disadv-ges. Upacitorswiil

be ourfti topic,as theyarethelimitingfactorin 1- tramnis-,

sionelenents.

I havereferencedtwomasterstheses,ad thereisa bibliogr~

availablefrm 2hxasTechtlniversi~.1‘2 These present a good deecrir

tionof thetranemiasion-limtheoryandmxe detailthanI canpresent

In thelimitedspacehere.

Fig. 1 shinsthemostfmiliar~ of transmissionline— coaxial

cable.By notatim,thereisan inner radiusA @ an outerradius B

(whichis actually the outer radiusof theinnerconductorandtheinner

radiusof theouteramdxtor andtheinnerradiusof theouter conduct-

or). T13isis an inpx~t pint in that surfaces nearest each other

are used bea3use hi*f requen~ currents flad nearthesurface.

Formulas for ca~citance and inductanceof coaxial tr~ie.sion

ltis are;

2Tc& 5.56fiO%
E~ = “—

h=Lr.a In: M (1)
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FIG 1: COAXIAL TRANSMISSION LINE
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l.iulnh
L=*:T h= 2xlo-’q.rl ~ E

m (2)

in unitsof FaradsandHenriespermeterof length.Sincemosthig&
voltagetransmissionlinesdo notuseferriteor othermagneticmaterial

‘asa filler,thevalueof pr is usuallytakenas 1? anditwillbe in
therestof thislecture. Given the inductanceper unitlengthandthe

r~~citanceper unit length of a transttissionline, the impedanceof

the transmissionline can then be calculated.

(3a)
.

W@n thisis reduced, itbecomes:

m-h:Z. = ~TE
ohms

r

where377ohmsis recognizedas theimpedanceof freespace.Therela-

tivedielectricconstant is sometimesreferredto as K, althoughocca-

sionallythetotaldielectricconstantis simplylumpedas E. I general-

ly tendto breakthisdownas E. times Cr~ where co is thepermit-

tivityof freespace.

Theone-way transittimeor a transmissionlineiscalcul&d by:

(4)

Thisis thetimeit @kes thepulseto travelonemeteralongthetrans-

missionline. Noticethatthisreducesto thesquare rootof therela-

tivedielectricconstitdividedby thespeedof light(C)andhasunits

of secondspermeter.
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If the total indwmnce and the to’d capacitanceof the t.ransmis-

sionlinearekmwn, onecanfindthe- one-waypropagationtine

of thatline,or it canbe doneon a per~ter basis.Usuallythentxct-

bersin tiles aregivemon a per-footor per-meterbaszs,andtheimpe-

danceisa dimensionlessquantity.Theimpedancedoesnotdependon

thelengthof theline: thelengthisassumedto be infinite.

Thesecondcamon typeof transmissionlineis thestriptransnis-

sicmline,whichis characterizeby twoparallelplates(Fig.2).

Thiscanbe thoughtof as a coaxialcablethathasbeenunfoldedand

laidoutflat. In general,the‘Lhickness(t)isassumedto bemuchless

thanthewidth(w)of theline. Theformulasforinductanceandcapaci-

‘Mx2eof thestriptransmissionlinesare:

C “==oCr: = 8.854x10-12:r: E
m

Theirpedanceof thetransmissionlineis:

?’

one-waytrammissiontimeis again as lt was in the coaxial line:

(5)

(6)

(7)

‘1-way=JE= Llo.oEr=J+ sm (8)

A goodapproximationforimpedance,ifyourthickness~sIX&muchless

thanthewidthis:

(9)
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whereI I demtesparallelimpedance.It is obvious that this type of

transmissionline precludes impedancesgreaterthan377 ohas. Men the

377+ level is difficultto at~n if tlhedielectricmaterialused

isotherthanvamm or air. T$d.n=leadline at 300 ohns isthetighest

valuegenerallyavaileble.

Fig.3 shuwsa battery witched onto the end of an uncharged trans-

mission line. This transmissionlineischaracterizedby impedance21

ti a one-way transittimeT, andis terminatedinan impedaiiceZ2.

lhn thebattsryiswitchedinto‘&eline,a currencQf mqnitudeII

flowstG theright.Thearrowson thetran9nissionlineindicatethat

undercerainconditionsa reflectedvoltageandcurrentwave,which

aredenotedVIt andIIt occur. Thesetravelint!heoppcsitedirec-

tion down the transmissionline(totheleftinFig.3) . At t = O, when

theswitchis closed,a currentof I,+nitude:

.!!l
11 Z1 (10)

beginsto flowto therightin theline. Whenthiswave Leaches the

endof theline(attimet = T), thevoltageandcurrentat theendof

thetransmissionlinemustbe continuous.Thevolege andcurrentare

consideredto be thealgebraic sum of the wavetravelingto theright

andthewavetravelingto theleft. Thiscanbe writtenas:

V2=V1+V; (11)

where V2 is the voltage across Z2. Currentscanbe cal~mlatedi.il the

same way,resultingin:

Ohm’sLawdeclares:

(12)

.A ,

. .
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FIG 2: STRIP TRANSMISSION LINE

Va

-@w

WAVESIN TRMWISSION LI!4F
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(13)

We canalsoshowthatthecurrenttravelingto theleftis:

I
- i

ll. = 21

whichisnegativeby convention~ dueto thedirectionof travel.If

equations(10),(12), and (14)areccmbined:

.33
‘2 21 21

Combiningequations(11)and (15)anddefining

allcwsderivation

Theratioof load

K. 32
‘1

of thevoltagereflectioncoefficient

I

currentto linecurrent~therbis

I* 22. 2
AL=~=—

*1
21+ 22 K+l

(15)

(16)

(18)

(19)

Itis interestingto noticetheeffectsofvariousconfigurations

of transmissionlines. Inan opentransmissionline(Z2= ~ ) that

is initiallyuncharged(Fig.4)~ whentheswitchisclosed,current 11
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7= 0

3 V8 -

“=” 1’
F20 4: OPENTRAfW41SSIONLINE
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beginsfiowingintotheline.

LEc’xuRE4 +-

Currenttravelsdownthelineuntilwhen

it reachestimet = T (theone-waytransmissiontimeof theline)the

currentmustbe continuousat theendof theline. Sincethelineis

opentherecanbe no currentflowingoutof theline,andallthecurrent

mustreflectandstartbackdownthelineintheoppositedirection

(1’1= ‘11). Giventhissituationandequations(10), (11), and

(14), theoutputvoltagethatresultsis

‘2 =2vl (19)

or twicetheinitialvoltage.Thiscansometimesbe puttopracti~l

useproducinga voltage-doublingpulse. Thesepulsesarereflectedback

downthelineandcurrentflowsbackintothebattery.Thenetresult

isa voltagepulseof twicetheinitialamplitudethatlastsfortwo

transittimesof theline. It isdelayedhy T, andit lastsfor2T.

Thiscanbe eithera helpor a nuisance.It isdisadvantageouswhen

a fastwaveis launcheddowna tranm?ission,lineandhitstheopenend

of theline,resultinginvoltagedoubling,whichwilltrackfortremen-

dousdistanceson a

betweenthevoltage

Marxbanksare

areseveralbiasing

coaxcableinair. A resistor(R>> 2.)in series

sourceandtransmission1ineprwentsthis.

complicatedby thiseffect.In Marxbanks,there

resistorsassociatedwitheachsparkgap. If all

theresistorsandallthecapacitorsaremountedseparatelyandthen

connectedwitha coaxcable,pulsestravelingback down the ccnx cables

hitting the few-megohm type resistorsat thefarendcangiveriseto

mommntal trackingproblens.

Fig.5 shcnw+&e=se of a shortedtransmission1ine. Theswitch

isclosedandtheterminatingimpedanceis zerolso thecurrentbui’.ds

up ina stairstepfashion.It goes to V1/Zl and then,.at time 2T,

itgoesto threatthenfive?thenseventimesthisvalue. Thiseffect

canbe usedto builda stairstepcurrentgenerator.
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2-r 4-r’

T= 0

-c?=,-
Z,*T 12

-1o-

FIO 5: SHORTED TRANSMISSION LINE
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Fig.6 showsa

VI andis shorted.

LmIUm 4

transmissionlinethatis chargedto

Thecurrentinitiallyflowsinthe

-11-

sanevoltage

negativedirec-

tion. Thisis a perfecttransmissionlinewithno losses.Thecurrent

inthistrantissionlinewilloscillatewitha periodof 4r. Ifa ter-

minatingresistorR is insertedandthechargedlineis switchedinto

thisterminatingresistor~ we haveFig.7. If theresistanceismatched

to theinpdanceinthetransmission

willresultofmagnitide

line, a squarepulseof current

(20)

lasting

If

line,a

for2T.

&Aer~sis~~~ is greater th~ theim~nce of thetrmission

stairstepgeneratorresultswheretheinitialcurrentis found

franequation(20). Then,sincetheenergywasnotdissiptedin a sin-

gletwo-waytransittimeof theline,it’11stairstepdown.

If theterminating@edance is lessthanthecharacteristicimped-

anceof theLinettheinitialcurrent,frunequation(20), willhave

somewhatgreatermagnitudethanin thematched-impedancecase,since.
R is smallerthan21,anditwiltendto rwerse. Therefore,there

isbotha currentrwersalanda voltagerwersalintheload,andthe

:ircuitwilltendto oscillate.

Thesecasesaremostlyof academicinterest,becausein reality

therecannothe a perfectlyresistivetermination.Therewillalways

be saneinductance

andtrailing edges

mmt of the energy

in theterminationthatwillroundofftheleading

tomakethewaveformmoresinusoidal.Ingeneral,

wentuallyendsup intheresistor.
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FIG 6: SHORTING

~“

OF CHAR(3ED TRANSMISSION LINE
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V1

T= 0

Z[, T

-VI
m

FIG 7:”CHAFWD TRANSMISSION LINE SWITCHED INTO A LOAD
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Mm in malfty m of theenergyisdissipatedin theMie, al-

thoughwe’vebeenassminga losslessCranmissionline. Realtransmis-

sLm linesincl~ a resistiveterminserieswiththeline(~) (Fig.

8), m.md by theresistan=in theskinof theline,whichm *e

~reciable at highfrequencies.Thisresistancetendsto -use dissip-

ationof theenergy t.raveltig dwn the ltie.

Another effect, which is usuallymall, istheparallelconducmrkce

or leakageresistanceof thedielectric(Rjj). muse dielectrics

are not perfecttheydo permitacmelosses.Usuallythisis a verylarge

resismce, whiletheseriesresistanceis fairlysmall.We shallignore

thesein themcdels: theanalysis*es verycunplicatedif these

ternsareincluded.A r~ent measurementshwed a lossof about1% in

a 10-footlengthof aibleat a frquencyof 10 Fflz,whichisfairlytypi-

calof am cables.

A chargedcableloseschargetoleakageresistanceor corona.If

thecablewerechargedto a highenoughvol-ge toprcducecoronaef-

fects,or if therewerevoidsinthedielectric,coronalosreswould

oc~r. Thesemaybevoltagedependent,andtheremayk a fairlylarge

resistanceup thepointwherecoronabegins?andthenconsiderablelosses

occur. Suchcorona effectsaredetrimentaltocableiife.

Fig.9 isa =se wherethetransmissionlfie&canes shortedwhen

a httery is Switchdintoan opent.ramnissionline. Thecurrentoscil-

lates~sitiveandnegdtivewitha period2~. Thiscurrentwilloscil-

latein theline,theoretitily former. But the resistive effectspr~

viouslydiscussedeventuallydissipatethatener~~ whichwillsettle

outat a zero mrrentvalueanda V1 vol=ge value. Thiscurrentwave

formfoundwhena tetteryis switchedintoan opentrananissionline

is the-e basiccurrentwaveformfoundwhenshortinga chargedtrans-

missionline. It appearsinverted,butthisisa resultof thesign

convention.
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FIQ 8: LUMPED LOSS TERMS IN A NON-IDEAL TRANSMISSION LINE

.-

-1+
V1 ,,== 11
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FIG 9: CURRENT
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Thisleadsto

shortedproducesa
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pihe-formingnetworks;
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in thatif a circuitwhen

currentwavaformof a particularshape,whenthecir-

cuitis charged~it returnsa currentwiththesame~ whenswitched

intoa shortcircuitor a loadresistor.Thischaracteristicallcnws

thedesignof a pulwf ormingnetworkinwhichthelir.eis replacedwith

a lmped equivalent.

mere areclifferenttypesof pulse-fwiningnetworks.A current-fed

line(Fig.10)isof academicinterest,althoughit isnotofmuchprac-

tical‘useforhigtrvoltage.Thiscank donewithtransistorsor vacuum

tutesto a fewhundredsof volts— vacuumtubespermitkilmoltlevels.

A cwr~t source is witchedintotheshortedline,startingthecurrent

flcwingintotheline. At t = O theswitchis o~ned. Thelinewill

thendelivera pulseintotheloadresistor.Thisis onlyof academic

interestbe=use althoughmostwitchesareabletocloseunderhigh-

voltageconditiufis~ theyaredifficultto open. It is difficultand yet

impracticaltobild a 50-kVwitch thatcanopenquickly.Vacuuminter-

ruptersopenin a fewmicrosecondsor tensof microseconds,butthese

timesarenotconsideredfast. Likemostwitches,theypreferclosing

to o~ng.

Thisleadsto thevol~ge-fedline,whichis chargedwithsomevolt-

ageV. (Fig.11). (Pleasenoticethedesignationchange.) Thetrans-

missionlineimpedanceis Zortheone-waylengthis

isVo. A closingswitchswitchesintoa resistive

ducinga squarepulse. Thepulsewillbe similarto

loadif theloadresis~ce matchestheimpedanceof

line(i.e.thevoltagepulsewillhavea magnitudeV&2

2T..

Fig.?2 showshowa lunpedequivalenttransmission

rivedfromseriesinduclxweandparallelcapacitance.

T r andthevoltage

l-d at t = (),p~~

tiiit05 a matched

thetransmissicm

andwidthof

linec= be &

Ifthelineis

continuedto thelimitatwhichN approachesinfinityandeachof the

inductancesandthecapacitancesisverysmall~ itIcakslikea true

transmissionlinewithdistributedelenents.
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1= @

F1O 10: CURRENT FED LINE

RL
Zo#Te#v@

FIG II: VOLTA(K FED LINE
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!FJO 12: N-SEC710N LUMPED EQUIVALENT LINE

FIO 13: SERIES L-C CIRCUIT
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Again,theimpedanceof thelineis thesquarerootof IJC,and

thiscanbe eitherthetotalseriesinductancediv~.dedby thetotalpar-

allelca~cihanceorL#~. Similarly,theone-w~ transiktime

of thelinewillbe thesquarerootof theprm?uctofLC:thetotalser-

ies L timesthetotal

A Fourierseries

bewrittenas:

i(t)=

parallelC.

approximationfora squarecurrentwaveformq

1.1= [sinwt + ~ .’&szn3ut+ ~ sinfit+ ...i

Thisserieshasto extendto

Theamplitudesof thehigher

lineisapproximatedby some

(21)
a a J

infini~ toproducea truesquarepulse.

harmonicsdiminishquiterapidlyandthe

finiteseriesforpulse-formingnetworks,

as it isawkwardto havean infinice1lumberof capacitorsandinductors.

Ifa katteryis switche@intoa seriesinductanceandcapacitance(fi~.

13), thecurrentwillhavetheform:

-v
I(t)= # sinut

o

whereZ. is:

(22)

(23)

aridQ is:

(24)
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In thecaseof a ~ transittimeT?u ap#earsas a l/T term, which

leads to Guilhnin nemrks.

The &pe-C Guillti network (Fig. 14)isourfirst

est. Thebatteryis -itchedintoa fiv~scagenetwork,

item of inter-

nunberedCl,

C3, Cs,C7, andC9. These stages arenur%red to prduce odd harmonics

(e.g. the “third harmonic” is produced fran the L3+3 cunbination).

Forcurrentoscillationas ina ale PFN,theproportionalityiswrit-

ten:

L silm,t + ~ sinal~t
‘7 ‘9 1 (25)

You willnoticethatthe1- termhasbeen’temporarilydeleted. (lam

paringtermswithequations(21) and (25), it isevidentthat‘Jecondi-

tionsnecessaryforSquar-waveoscillationsare:

21=1, Z3=3V 25=5, 27=7V z9=9r

~ comparisonto equations(23)and (24)~ we ~ gener~ize:

(26)

and

(27)
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Wecanrxnv find thenth

that all the impedances
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termby cmparisonto E@ation (22)andby noting

(zn)areinparallel: .

~()=zll lz311z511qllz9 (28)

Onewayof solvingforthevaluesin thiscircuitis toassme the

aipacitorsare all charged to V. andthecircuitis switchedintoa
loadresistorof valueR = Z. (Fig.15). By analogyto thetransmis-

sionlinemodel,thecurrentcouldbe assuredto be a squarepulseof

mplitudeofV&2Zo andof a duration T . T ncwis usedas thefjJJJ

!didkh@f tiePU1* insteadof thehalfwidth. Thisisdoneto be con-
sistentwiththetext.3 Ifthereismatchedimpedance(R= Zo), then

alltheenergystoredin thePFNwillbe depositedinR duringthepulse.

Thisenergycanbe calculatedfranthedefiniteintegralof thepower:

()
2 +

w= i2R. ~ Z ‘~

o
0

0

whichiswritten

T

J

&
Ea.

w ‘t = 4Z0
o

(29)

(30)

Thisenergymaybe equatedto theenerqystoredon thetotalcapacitance

of thePFN

(31)

andsolveforthetotalca~citance

(32)
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whereZ. is theloadresis@nceinwhichthemergy isde~sited.

Inthisx of networkalltheindu~ces areequal.

ThedifferenceinT isvisibleintheca~ci@ncesof thecoax

lines.When~ is the~ transittimeltheapacitsn= of a coax

or a regulartransmissionlineis simply~/Zo.

Becausethereisnotan infinitenumberof elementsin thisFourier

seriestherewillnotbe a ~rfectlysquarepulse,andtheenergy

itedwillbe slightlyoffbecauseit isnota squarepulse. Ina

stagepulse-formingnebmk, themergy willbe about4% off. 11

there aref~er stagesrthediscrepavywill be aumwhat greater.

Thepulsewidthforthis

thisisfranthefactthat

The

The

and

‘1
= 21Tf1

periodof thefundamental

~=1-=21L
‘1 ‘1

casecanalso be calculatedfran

frequencyis

depx-

five- -

pulsewidth(T)isthehalf~ricd of thefundamentalfrequency,

thepulsewidthfranthePFNwillbe

(33)

(34)

(35)

(36)

RearrangingEquation(33)resultsin
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Theinductancemaybe calculatedfran

Franquation (26)we canfind

whichputsthe

FromEquations

cn=~
n2

-’24-

(37)

(38)

(39)

capacitorsina ratioof 1:1/9:1/25:1/49:1/81.Therefore:

c1 c1 c, c,

%=5+ -$+$+ $’s$ ‘1”184C1
c. T

cl=~=—
. 2.368Z0

(38)and (41):

(40)

(41)

2.368ZT
L =

7r2
0.24Zor (42)

TheremainingcapacitorsarefoundfranEquations(39)and (41).Fig.16

shinsa typicalwaveformforthistypeof circuit,doneon thedigital

computer.Itwascalculatedto producea l-microsecondpulsewidthwith

an amplitudeof 10,000A. TheF.11is initiallychargedto 20,000volts,
andithasa l-hm impedanceandis witchedintoa l-ohmresistor,so

it shouldhaveabouta,10-kAcurrentfora microsecond.Thereisquite

a bitof overshootfrm theleadingedgeandthetrailingedgebecause
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theeleventhharmonicisnotthereto reduceit. Theringingdiminishes

somewhat tward themiddle

thepulse-formingnetwork,

ringingin themid31eo

of the pulse. As more stages are added to

there is lessovershooton cornersandless

ThiseffectledGuillenintowritetheequationfora tra~zoid

andassumethathe hada linearrisetime,a flatpulse,anda linear

falltime.Hemadetherisetimesomepercentage(a)of thetotalpulse

length(Fig.17). With“a”a percentageof therisetime,onecanrelax

therequirermkson a pulse-formingnetiork.As thersquirenentsare

relaxedthe“a”ties larger? andthenumberof termsrequiredin the

Pulse-formingnetworkis reduced.A pointis reachedwherethecapacitor

forthe9thharmonicbecuneseitherzeroor slightlynegative,andthe

inductancebecomesslightlynegativeor infiniteandcanbe deleted.

Thecontributionfranthosehigherordertermsareunnecessaryto gener-

atethz trapezoidalwaveforms.

Fig.18 showsanothercaseexaminedby

waveformwithparabolicrise-andfalltime.

as .-e percentageot thetotalpulsewidth

istheparabollcrise-andfalltimes.

Guillenin:a flat-topped

Thetotalrisetimis used

(a) andtheonlydifference

Fig.19 snws some

stagetrapezoidandthe

thecorrectimpedance.

canputerplotsof thewaveformsforthefive-

fiv-stageparakolicgeneratorsterminatedin

Thesewaveformsarenotideal— h factthey

look similar to Fig.18. Themaindifferenceis thattieovezshootis

less. Thefewirregularitiesin themiddleof thepuisearenotexactly

on thefirst?third;fifth,seventh,andninthharmonics,buton some

slightvariation.

AS oneapproachesthe10%trapezoidalwaveform~thepulsebccrnes

smotherandas he app[oachesthe10%parabolic?it beocxneslumpier.

Thesearestillbetterthantherectangularpulsein Fig.18. Although

thesearemeantto be thesamepulsewidth,this1s difficulttocanpare

becausetheyareplottedon graphsof differentscales.However,the

.
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risetimeisobviouslygood. A 100-nH inductanceput in series at the

leadeffactivelyincreasesthelastitiuctorby 100nH,producingan

L/Rrisetimeof 100ns,whichis a 10%value for the parabolic had.

Itroundsofftheleadingedgeof thewweform,flattensmostof the

riwles,andcoundsoff thetrailingedge. ForthemostpaxtP on all

of thesethere15verylittleenergyde~sitedin theresistanceafter

themainpulse.

form

itor

more

Guilleminfoundothercirc~itsthatprcducethesamegeneralwave-

(Fig.20). TypeA hasparailelLC resonantcircuitswithonecapac-

andoneinductorin series.

U1 thesecircuitshavecontainedcapacitorsof differentvalues.

B also

likez

togenerate

hasvariousinductancesandca~citances,althoughit looks

classictransmissionline. Thisconfigurationis requisite

theL-a=zoidalpulsewitha nominal8% risetime.

TheTypeF hasall thecapacitorsin seriesin a transpositionof

theT’ypB r,etwork,replacingallthecapacitorswithinductors,etc.

Unfortunately? theseca~citorshavesaneveryunusualvalues.

TheTypeD networkusescapacitorsof equalvalue,buthasnegative

valuesof inductancein serieswithseveralof thecapacitors.Coupling.
betweeninductorscanrealizethisphysicallyandproducetheI&psE

Guillemin netiork.Inthisnework,thereisa coefficientof coupling

betmeenthevariousinductorsandallthecapacitorsareof equalvalue.

Total~nductan~sdesiredto p:oducethesemutuali.ndJCtdinCescdll

be foundfran:

~

%= 2

and.theCapacitmcesarederivedfrcxa

(43)
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(44)

Thiscapacitanceisdividedequally anong thq numberof stiges.‘l’’hen

a coiliswoundon a longcylindricalformhavingthetotaldesiredin-

ductance,with20%-30% additionalinductanceaddedto thecoilson each

endof thisform. Theratioof lengthtodiametershouldbe chosento

providemutualinductanceof about15%of theself-uductanceineach

centersection.Solderingthe-pacitorson resultsin thecorrectdiam-

eter-t-lengthratiorwindsthecoil?andtapsitat theappropriate

numberof turns.

.

Therearecertiinminimuninductancelimitationsin thevarious

typesof networks.SanePFNshaveinductorsin serieswithca~citors;

others~likethe~ C netiorkwithitscoilwoundon a form?require

a somewhatlargerminimuminductancevalue. Theimportanceof Lhismini-

muminductancenumbercanbe seenfrcmrearrangingEquation(43)to cal-

culatea minimumpulsewidth-impedance:

-rZ ‘L
a- fin
2 (45)

On a ~ A network,if theminimuminductanceis reducedto 100nH,

thentheZGproductmustbe greaterthanor equalto 38-1/2times
106. Sincethe‘J@eE networkhasmutualinductance,theabsolute

mininm inductanceis abouta micrd-knry,whichproducesa 1 x 106

~Zoproduct. TypeC networksmayhaveminimuminducta!!cesto thelevel

fomd in thecapacitorsplustheconnections.

Capacitorsmaybe boughtof alrmxtanyinductance,butvarygreatly.

A practicallcwerlimitdoesexistforapacitors.Ma~ellSeriesS
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capacitorshaveabout20 nH intheca~c~torandcanusuallybe con-

nectedintGa circuitinwhichtheinductanceof mnnectionscanbe kept

downto 20 W. * inductzweot 40 nH producesa TZOof 0.16 microsec-

onds - Ohls.

Thisis plottedon a

andimpedmceof loadare

of thepracti~ minimums

thatat impdancesof one

graphin Fig.21. If thedesiredpulsewidth

known,thiscircuitwillprovidesaneidea

available inGuillemin-typenetiorks.Notice

ohm,pulsewidthremainsarounda microsecond

witha TypeC Guillemin?butthatgenerallylowimpedancesdictatelong

pulsewidths.Highimpedancesallowshortpulsewidths.Tenns isa

reasonableminimumpulsewidth.

Alsa availableon

pulse-formingnetworks

inparallel?impedance

thegraphis theusefulrangeof distributed

(coaxialqables). Withenoughcoaxialcables

canbe reducedto 1 ohm. Becausecoaxcables

witha polyethylenedielectrichavea one-waypropagationtimeof atmt

a nanosecondperfoot,givena fastenoughswitch,a l-nspulsewidth

canbe attiinedon a cableor transmissionline, Stripltiesprovide

lW inpdancesbutaredifficultto *itch. Neithercabler,orlumped

PFNswillgenerallydeliverthedesiredpulseunlesstheswitchcloses

muchfasterthanthedesirtipulsewidth. Switching,therefore,presents

a problem.
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